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Abstract 
This paper treats the noise control engineering using a double-leaf partition by the means of an analytical approach. This 
technique is widely used due to its efficiency in providing better acoustic insulation over a wide frequency range compared to 
single-leaf structures. The double-leaf partition is a construction comprising two leaves separated by an air space or cavity which 
will dynamically couples the two leaves. Therefore, its analysis is complicated and introduces several scientific aspects This 
paper deals with a very common case of the double-leaf partitions which is the double glazing: an analytical approach will be 
used to analyze the influence of the different parameters on the acoustic insulation e.g. plate thickness, gap width, etc.. Several 
simulations are then performed for different double glazing configurations to assess the influence of the variables on the final 
acoustic insulation. At low frequencies a better performance was achieved for thicker air layers, while at higher frequencies a 
thinner air layer is preferable. The use of wall panels with different mass resulted in the wall performing better, particularly for 
high frequencies.      
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1. Introduction 
Different parts of sciences are involved in the transmission of sound energy in a double-leaf partition, giving rise 
to complex dynamic system. Many parameters are also involved in this vibro-acoustical behavior: the mass, the 
density, the Poisson's ratio, the Young modulus, the air cavity separating the double leaf, the material properties, the 
frequency of the incident waves and its direction, and the type of the source. The partition mass and the frequency of 
incident sound are major parameters. The sound insulation is proportional to the mass. As the frequency increases, 
the vibration power of the element decreases and greater dissipation of energy occurs, resulting to a rise in sound 
transmission loss.  
A large amount of research has been devoted to developing theoretical models of STL characteristics for single-
leaf partition (Fahy 1985 [1]; Graham 2007; Lee and Kim 2002).  
 Regarding the double-leaf partition, the air space or cavity will dynamically couples the two leaves. Therefore, 
the analysis of double-leaf partitions becomes further complicated. London [4] has proposed a solution for identical 
leaves excited at frequencies below their critical one, the partition resonances could be therefore disregarded. 
However, this method considered the acoustic resonance of the cavity. Beranek [5] has modified this model 
mathematically taking into account the mass-air-mass effect. Basten [6] studied the dissipative properties of a thin 
air layer between two flexible plates.    
This paper first briefly describes the analytical model used to compute the STL of a single-leaf partition. This 
model is then used to compute the STL of several configurations of single glazing. The STL curves are discussed, 
and the influence of the concerned parameters is illustrated. Next, the analytical model used to compute the sound 
transmission loss of double-leaf partitions is described. This analytical model is then used to plot the STL curves of 
several double glazing configurations: the influence of panels' thickness and cavity width is assessed. 
 
Nomenclature 
Θ angle of acoustic wave incidence  
  angular frequency 
υ  ̅           partition normal velocity 
ത             partition normal displacement 
̅ܣi   incident pressure amplitude 
̅ܣt  transmitted pressure amplitude 
̅ܣr  reflected pressure amplitude 
D            plate bending stiffness 
j             √-1  
k             wave number 
a             damping coefficient of the leaf 
r             stiffness coefficient of the leaf 
η             mechanical damping coefficient of the leaf 
m           mass of the leaf per unit area 
E            Young modulus of the material of the leaf 
υ             Poisson's ratio of the material of the leaf 
e             thickness of the leaf 
c0            sound speed in air 
c1            sound speed in fluid 1 
c2            sound speed in fluid 2 
ρ0           density of the air 
ρ1           density of the fluid to the left-hand side of the partition 
ρ2           density of the fluid to the right-hand side of the partition 
S.T.L.     sound transmission loss 
߬             sound power transmission coefficient 
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2. Analytical expression for single-leaf partition 
2.1. Formulation of the method 
Consider an unbounded, uniform, elastic and thin plate upon which acoustic plane waves of frequency  are 
incident at an arbitrary angle Θ1.  
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Fig. 1. Transmission of an obliquely incident wave through an unbounded, thin, elastic and flexible plate. 
The explicit form [1] of the sound power transmission coefficient τ when the fluids on both sides are the same, 
then Θ1 = Θ2 = Θ is: 
߬= (ଶఘబ ௖  ௦௘௖௵)
మ
[ଶఘబ  ௖ ௦௘௖௵ାቀವቁఎ ௄ర ௦௜௡ర௵]మା[ ௠ି
ವ
ೢ௄
ర௦௜௡௵ర]మ                                                                                                    (1) 
The sound transmission loss is: 
S.T.L.= 10. ݈݋݃ଵ଴ ቀଵఛቁ ݀ܤ                                                                                                                                  (2) 
A particular condition of great importance is when the incident wave is coincident with the flexural wave in the 
partition (Fig. 2). The wave number induced in the partition by the incident field is equal to the trace wave number. 
If co is the coincidence frequency, then  
co = (௠஽)1/2 (
௖
௦௜௡௵)
2                                                                                                                                            (3) 
co is unique for an incidence angle ߆. We can therefore define a critical frequency cc which is the lowest 
coincidence frequency. In the case of uniform homogenous flat plate of thickness e and material density ρp: 
cc = c2 (ߩ௣ e) 1/2 {E.e³/[12 (1- ߭2)]}-1/2                                                                                                            (4) 
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Fig. 2. Coincidence effect. 
2.2. Results and discussions 
In the examples, a single glazing is used to illustrate the results. Different combinations of panel thickness and 
incident angles were ascribed to the partition. The glazing has a Young modulus E=70 GPa, a Poisson's ratio υ=0.22, 
and a density ρp=2500 Kg/m3. 
For a glazing plates of thickness e=4mm, the critical frequency is fcc = 2872.4 Hz, while for e=8 mm fcc = 1436.2 
Hz. The sound transmission loss is plotted in Fig. 3 for different values of incident angle Θ and thicknesses.  
 
We can distinguish three zones for the STL curve: 
 Zone 1 (below the critical frequency): the acoustical isolation increases 6 dB per octave (doubling the frequency), 
resulting from the decreasing of the sound energy (mass law). The comparison of the sound transmission loss for 
an angle Θ with the normal one (Θ=0), shows that the difference increases as the angle of incidence approaches 
Π/2 (grazing). 
 Zone 2 (in the vicinity of the critical frequency): the coincidence phenomena causing a dip in the STL curve and 
therefore the acoustical performance of the partition is at its lower level. The STL is controlled by mechanical 
damping. 
 Zone 3 (above the critical frequency): the acoustical isolation increases 18 dB per octave. The STL is controlled 
by the stiffness. 
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Fig. 3. Comparison of sound transmission loss of a single glazing for two thicknesses (e=4 and 8 mm) for different incidence angles. 
3. Analytical expression for double-leaf partition 
3.1. Introduction 
In the above paragraph, we have illustrated the presence of a dip in the sound transmission loss of a single-leaf 
partition, raising a remarkable drop in the acoustical performance around the critical frequency. We are interested 
therefore to re-locate this dip out of the acoustical range of a building estimated between 100 and 5000 Hz. To do it 
in a single-leaf glazing partition case, we shall increase its thickness vastly. 
Moreover, theoretical and experimental studies of single-leaf partition show that the sound reduction increases by 
6 dB per doubling the mass. In practice, it is often required that the partitions, in addition to the high transmission 
loss, have low weight, usually for economical criteria. For all these reasons, we conclude that single-leaf partition 
cannot meet this requirement. 
A common solution is the use of a double-leaf partition where the two plates are separated by an air cavity which 
will dynamically couples the two leaves, and introduce added mass, stiffness and damping effects . 
3.2. Formulation of the method 
Uniform, non-flexible partitions of mass per unit area m1 and m2, separated by a distance d are mounted upon 
viscously damped, elastic suspensions, having stiffness and damping coefficients per unit area of r1, r2 and a1, a2 
respectively. 
തܲ1d = ̅ܣ1 +̅ܣ2                                                                                                                                                     (5) 
തܲ2g =̅ܣ1 exp (-jkd)+ ̅ܣ2 exp (jkd)                                                                                                                      (6) 
തܲ1g = ഥܲ i + തܲr = 2 തܲi – j ωρ0 c ߜ̅1                                                                                                                       (7) 
The transmitted wave has pressure given by 
Pt = j w 0 c ߜ̅2                                                                                                                                                  (8) 
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Fig. 4.  Sound transmission of a double-leaf infinite partition 
Consider now a double-leaf partition subjected to an incident plane wave of frequency  upon leaf 1 with an 
arbitrary angle ߆. It is assumed that the same fluid exists in the cavity as on both sides of the plates. 
Let ߜ̅1 be the displacement of leaf 1 and ߜ̅2 the displacement of leaf 2. When a plane wave is incident at an 
oblique angle ߆ upon leaf 1 it sets up a bending wave travelling in the plane of the leaf with the trace wavenumber 
kz = k sin ߆. Provided that the leaves and cavity are unbounded and uniform, waves travelling with the same 
wavenumber vector component parallel to the plane of leaf 1 are set up in the fluid in the cavity, in leaf 2, and in the 
fluid external to the partition. In satisfaction of the acoustic wave equation, and in the absence of cavity absorption, 
the wavenumber vector components of the cavity wave in the direction normal to the planes of the leaves have 
magnitudes given by kx = k(1 − sin2 ߆)1/2 = k cos ߆. The transmitted wave has a pressure തܲt given by: 
തܲt= j (ω ߩ0 c sec ߆) ߜ̅2                                                                                                                                      (9)            
The ratio of transmitted to incident pressure is: 
௉ത೟
௉ത೔
=− ଶ௝ ఘ
మ
బ ௖మ௦௘௖మ௵ ௦௜௡(௞ ௗ ௖௢௦௵)
[௝ ௪ ௠భା௔భାఘబ  ௖ ௦௘௖௵ (ଵି௝ ௖௢௧(௞ௗ ௖௢௦௵)][௝ ௪ ௠మା௔మାఘబ  ௖ ௦௘௖ ௵(ଵି௝ ௖௢௧(௞ௗ ௖௢௦ ௵)] [௦௜௡మ(௞ ௗ ௖௢௦ ௵)]ା[ఘబ²௖²௦௘௖௵]        (10)    
The frequency that gives the lowest value of the above ratio is called "mass-air-mass resonance frequency" ωr. 
ωr = [(ఘ଴ ௖ௗ  )
 2 (௠ଵା௠ଶ௠ଵ ௠ଶ )] sec Θ                                                                                                                            (11)    
ωr depends upon the incident angle, and it is minimum for a normal incidence.  
This frequency is inversely proportional to the cavity width d. It is minimum when m1 = m2.  
The mass-air-mass phenomena is of great importance since it affects deeply the acoustical performance of a 
double-leaf partition which will increase if the mass-air-mass frequency decreases. In practice, if a good 
performance in the low and mid-frequency range is requested, we are interested consequently in increasing the 
cavity width d and/or the leaves masses.  
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In fact, in case of noise of low frequency, the first leaf starts to vibrate slowly; the vibration is then transmitted to 
the second leaf through the cavity acting as a spring. In case of noise of high frequencies, the first leaf vibrates 
quickly under the effect of the successive overpressures and depressions (with respect to the equilibrium pressure); 
this vibration will not be transmitted practically to the second leaf, and the sound transmission is therefore low.   
Every double-leaf partition has a mass-air-mass resonance frequency. Above this frequency, the sound 
transmission loss increases linearly until the critical frequencies of the single leaves. That's why we are interested to 
locate the resonance frequency below 100 Hz (lower limit of the building frequency range). Kropp and Rebillard [7] 
have found that for partitions of same material, a thickness ratio of about 1:2 maximizes the STL in the vicinity of 
critical frequency. 
3.3. Results and discussions 
 In the examples, a double glazing is used to illustrate the results. Different combinations of panels' thicknesses, 
cavity width were ascribed to the partition.  
     Table 1. Double glazing examples. 
Double glazing 
configuration 
Thickness of leaf 1 
(mm) 
Cavity width (mm) Thickness of leaf 2 
(mm) 
Lowest critical frequency 
(normal incidence) (Hz) 
6/6/4 6 6 4 312.42 
6/12/4 6 12 4 220.91 
6/6/8 6 6 8 261.38 
 
For a normal incidence and similarly to the case of single-leaf partition, there is no coincidence effect. 
The effect of the mass-air-mass resonance phenomenon is shown in all double glazing configurations and for all 
incidence directions. The STL and therefore the overall acoustical performance are reduced deeply in the vicinity of 
this resonance frequency.  
The STL is also reduced significantly for frequencies f1, f2, f3, etc. which are the air cavity resonances, called 
also standing-wave resonance (unaffected by varying panel mass ratio). There is a sequence of such resonances.    
 
 
Fig. 5. Sound transmission loss of a double glazing 6/6/4 - normal incidence.  
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3.4. Comments and observations 
Some comments and observations relating to the performance of a typical double-leaf partition are listed below: 
 At frequencies below the double-leaf partition mass-air-mass resonance of an oblique incidence, the sound 
transmission loss is equivalent to that of a single panel of mass (m1 + m2), then: 
STL (Θ) = STL (Θ, m1 + m2)                                                                                                                             (12)           
 
Fig. 6. Comparison of sound transmission loss of three double glazing systems 6/6/4 , 6/12/4 and 6/6/8. 
 At frequencies close to the mass-air-mass resonance frequency, there is a significant reduction in 
transmission loss. 
 At frequencies above the mass-air-mass resonance frequency, there is a sharp increase in transmission loss. 
In the low-frequency range: 
STL(Θ)  ≈ STL (Θ, m1 + m2) + 40. ݈݋݃ଵ଴[ቀ ఠఠ௥ቁܿ݋ݏ߆]   ݀ܤ                                                                              (13) 
The behavior at higher frequencies is described by: 
STL(Θ)  ≈ STL (Θ, m1) + STL (Θ, m2)  + 6    dB                                                                                              (14) 
This increase is maintained until the first air-cavity resonance is encountered. 
 At the air-cavity resonances frequencies (f1, f2, f3...) the transmission loss of a double-leaf partition is 
reduced to that of a single panel of mass (m1 + m2): 
STL (Θ) = STL (Θ, m1 + m2)                                                                                                                             (15) 
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4. Conclusion 
In this paper an analytical method for the evaluation of sound transmission loss through single and double-leaf 
partition is presented. The proposed approach is developed using some basic assumptions, e.g. unbounded panels, 
elastic materials, etc.. It analyses the acoustical performance of  single and double-leaf partitions: the latter provides 
a good insulation over a wide range of frequency, while the transmission loss through it decreases dramatically in 
the vicinity of the critical frequencies due to coincidence effect and mass-air-mass phenomena. The influence of 
different parameters, e.g. thickness, cavity width, incident angle are assessed. The analytical approach provides us 
with a low cost computational method that can analyze the acoustical performance, however, this method is limited 
to panels of elastic materials. Further investigation will treat therefore the composite panels such the laminated 
glazing where a visco-elastic core is inserted. 
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